The role of the hypoxic response during metastasis was analysed in migrating border cells of the Drosophila ovary. Acute exposure to 1% O 2 delayed or blocked border cell migration (BCM), whereas prolonged exposure resulted in the first documented accelerated BCM phenotype. Similarly, manipulating the expression levels of sima, the Drosophila hypoxia-inducible factor (HIF)-1a ortholog, revealed that Sima can either block or restore BCM in a dose-dependent manner. In contrast, overexpression of Vhl (Drosophila von Hippel-Lindau) generated a range of phenotypes, including blocked, delayed and accelerated BCM, whereas over-expression of hph (Drosophila HIF prolyl hydroxylase) only accelerated BCM. Mosaic clone analysis of sima or tango (HIF-1b ortholog) mutants revealed that cells lacking Hif-1 transcriptional activity were preferentially detected in the leading cell position of the cluster, resulting in either a delay or acceleration of BCM. Moreover, in sima mutant cell clones, there was reduced expression of nuclear slow border cells (Slbo) and basolateral DE-cadherin, proteins essential for proper BCM. These results show that Sima levels define the rate of BCM in part through regulation of Slbo and DE-cadherin, and suggest that dynamic regulation of Hif-1 activity is necessary to maintain invasive potential of migrating epithelial cells.
Introduction
Metastasis is the cause of fatality in most cancers. However, the mechanisms that control how cells acquire this ability to migrate to distant organs remains poorly defined. One trigger for metastasis may be lowered oxygen tension (hypoxia), a hallmark of most solid tumors (Chan and Giaccia, 2007) . The oxygen-responsive component of the hypoxia-inducible factor-1 (HIF-1) transcription factor, HIF-1a, is over-expressed in multiple primary tumors and their corresponding metastases (Zhong et al., 1999) . HIF-1a over-expression is also associated with decreased clinical response to chemotherapy and radiation (reviewed in (Brown, 2000) ). In addition, a 'hypoxic' gene expression signature has been found in breast cancer patients to correlate with decreased survival (Chi et al., 2006) . Metastatic potential depends in part on HIF-1a activity because deletion of Hif-1a in a mouse model of breast cancer inhibits lung metastasis (Liao et al., 2007) .
Hypoxia stabilizes the accumulation of HIF-1a, which interacts with the constitutively expressed HIF1b (ARNT) subunit to form the HIF-1 transcription factor. Under normoxic conditions, HIF-1a stability is regulated by the von Hippel-Lindau protein, a component of a large E3 ubiquitin ligase complex that polyubiquitinylates HIF-1a and targets it for destruction ( Figure 1a ) (Frew and Krek, 2007) . Turnover of HIF-1a by von Hippel-Lindau depends on the hydroxylation of HIF-1a by prolyl hydroxylase domain (PHD) enzymes (Fong and Takeda, 2008) . The HIF, PHD enzyme and VHL molecular pathways are functionally conserved in Drosophila and are known as sima (HIF-1a ortholog), tango (tgo, HIF-1b ortholog), hph (or fatiga, the PHD enzyme ortholog) and Vhl, respectively (Lavista-Llanos et al., 2002; Gorr et al., 2004; Centanin et al., 2005; Arquier et al., 2006) . Like mammals, flies can execute a global hypoxic response; 79 hypoxia-responsive genes were identified in adult flies subjected to 0.5% oxygen for 6 h (Liu et al., 2006) .
On the basis of the high degree of genetic and functional conservation of the hypoxic response in the fly, we modeled the molecular mechanisms involved in metastasis by analysing border cell migration (BCM) in the Drosophila ovary. A distinct advantage of this system is that cell migration is studied in vivo within the appropriate tissue microenvironment. Although guided migration of individual cells is easily studied in cell culture (Parent and Devreotes, 1999; Servant et al., 2000) , coordinated migration of groups of cells still remains poorly understood despite direct relevance to metastasis (Friedl et al., 2004; Lecaudey and Gilmour, 2006) . However, collective cell migration has been extensively studied in border cells (Montell, 2006) .
Border cells are a group of 6-10 follicular epithelial cells that perform a well defined, guided migration during egg chamber development (Rorth, 2002; StarzGaiano and Montell, 2004) . They delaminate from the follicular epithelium at the anterior of the egg chamber and then migrate as a compact cluster posteriorly toward the oocyte until reaching the nurse cell/oocyte border ( Figure 1b) . Some of the key players that regulate BCM also have a role in metastasis, including the epidermal growth factor receptor and JAK/STAT pathways and the cell-adhesion molecule DE-cadherin (Starz-Gaiano and Montell, 2004; Jang et al., 2007) .
Functional studies of the hypoxic response pathway in Drosophila have primarily focused on the role of sima, hph or Vhl in the control of branching of the embyronic trachea (Adryan et al., 2000; Centanin et al., 2008; Mortimer and Moberg, 2009) . In this study, we report for the first time that oxygen-dependent pathways regulate BCM and that Sima acts as a rheostat to control epithelial cell migration and invasion.
Results

Hypoxia alters border cell migration
To test if hypoxic exposure modulates BCM, 3-to 5-day-old female flies carrying slbo-GAL4>UAS-GFP or c522-GAL4>UAS-GFP were exposed to hypoxia (1% O 2 ) or to normoxia (21%) for 4 or 8 h. During normal ovarian development, the border cell cluster migrates in parallel with the anterior row of outer follicle cells. Migration initiates at stage 9 when the cluster delaminates from the follicular epithelium and then invades through the nurse cells before reaching the nurse cell/oocyte border at the end of stage 10 ( Figure 1b) .
Border cell clusters were visualized using the GAL4/ UAS system (Brand and Perrimon, 1993) , in which the expression of UAS-GFP was under the control of either of two independent border cell-specific GAL4 drivers, slbo-GAL4 or c522-GAL4. The slbo-GAL4 driver expresses specifically in border cells on initiation of migration, and then later in migrating centripetal cells and posterior polar cells (Figure 1c) (Rorth, 1998) . In contrast, c522-GAL4, expresses only in border cells (Manseau et al., 1997) , albeit at apparently lower levels than slbo-GAL4 when comparing GFP expression (Figure 1d) .
After 4 h of exposure to 1% O 2 , 25% of all border cell clusters migrated slower than the corresponding normoxic controls (Figures 1e and f versus c, d and i). Because in mammalian cells HIF-1a expression is differentially regulated by short versus prolonged hypoxia, typically peaking at 3 h of hypoxic exposure before decreasing, (Uchida et al., 2004; Cameron et al., 2008) , we next examined if BCM was differentially effected by prolonged hypoxia. After 8 h of exposure to 1% O 2 , 40% of clusters showed delayed migration. However, 15-20% of clusters acted oppositely and appeared to migrate faster than controls (Figures 1g and  h ), a novel phenotype in the ovary. In particular, the border cells were found to migrate ahead of the most anterior follicle cells (arrowheads, Figures 1g and h) . By stage 10, these clusters were detected beyond the oocyte/ nurse cell border. This phenotype will be referred to as 'accelerated' migration.
sima regulation of border cell migration is dose dependent Non-HIF-dependent pathways may also be activated by hypoxia (Rocha, 2007) . To mimic hypoxic stabilization of HIF-1a without activating Hif-1-independent pathways, we used flies that expressed full-length sima (UAS-sima). Expression was induced in border cells under control of either the slbo-GAL4 or c522-GAL4 drivers. Ectopic expression of sima using slbo-GAL4 resulted in the fully penetrant phenotype of a complete block of BCM (Figures 2b and 3) . The clusters remained located at their place of original delamination from the follicle epithelium. Similarly, when Sima was overexpressed using the weaker GAL4 driver, c522-GAL4, BCM was disrupted in all egg chambers. Although 87% of the clusters showed a noticeable delay in migration, 13% of border cell clusters failed to migrate.
As GAL4 driver activity increases with higher temperature (Duffy, 2002) , Sima expression levels driven by slbo-GAL4 were also manipulated by varying temperature. Flies carrying slbo-GAL4/UAS-sima were incubated at 18 or 29 1C in addition to 25 1C to decrease or to increase Sima levels, respectively. At 18 1C, a majority of border cells expressing UAS-sima were capable of migration (>85%) although movement was delayed compared with controls (Figures 2c and 3) . This phenotype was similar to when Sima expression was directed under the weaker driver c522-GAL4 at 25 1C. Unexpectedly, at 29 1C there was a partial rescue of the BCM block as border cells migrated normally in B27% of egg chambers (Figures 2e and 3 ). This observation is striking because we had expected that further increasing the concentration of Sima in border cells would maintain the blocked migration phenotype observed at 25 1C.
To rule out the possibility that high temperature was indirectly responsible for the partial rescue observed at 29 1C, a genetic approach was also used to boost Sima expression. Three copies of the UAS-GAL4 transgene were used to increase slbo-GAL4 activity, thereby genetically amplifying the expression of both UAS-GFP and UAS-sima. This approach restored the ability of the border cells to migrate at 25 1C (Figures 2f versus b) , with 11% of egg chambers showing normal migration and 89% capable of some migration (Figure 3) . Importantly, expression of either driver stock alone in the presence of UAS-GFP (controls) did not significantly influence BCM as o1% of all control egg chambers showed a slight delay phenotype (data not shown).
A third approach was also used to increase the levels of Sima in border cells. As Sima must be modified by Hph to be recognized by Vhl, reducing the activity of a) Under normoxic conditions, the oxygen-dependent prolyl hydroxylase enzymes (PHDs) hydroxylate key proline residues in hypoxia-inducible factor (HIF)-1a, facilitating its interaction with the von Hippel-Lindau protein (VHL). VHL is a substratespecific component of an E3 ubiquitin ligase composed of Cullin2, Elongins B and C, and Rbx1. VHL targets hydroxylated HIF-a for polyubiquitylation and subsequent destruction by the proteosome. When oxygen is scarce (hypoxia), PHD activity is diminished, HIFa becomes stabilized and associates with HIF-1b to form the heterodimeric HIF-1 transcription factor, initiating the hypoxic response. (b) Schematic of border cell migration (BCM) and outer follicle cell rearrangement. Anterior polar cells (left, red) recruit adjacent outer follicle cells to form border cells (green). The border cell cluster delaminates from the follicle cell epithelium (cyan) and begins to migrate posteriorly at the beginning of stage 9, completing its journey by the end of stage 10. Concurrently, the outer follicle cells reorganize so that they no longer envelope the nurse cells (yellow). In wild-type chambers, the border cell cluster migrates at such a rate that it approximately equals the movement of the posterior part of the outer follicle cells. By stage 10, the oocyte occupies Bone-half of the total egg chamber size; therefore, the border between the nurse cells and the oocyte roughly coincides with the midline of the egg chamber. (c-h) BCM is altered by hypoxia. DAPI-stained egg chambers containing one copy of slbo-GAL44UAS-GFP (c, e, g) or one copy of c522-GAL44UAS-GFP (d, f, h) were used to visualize border cells (white arrows) in egg chambers dissected from stocks raised at normoxia (c, d), or exposed to 1% O 2 for 4 h (e, f) or 8 h (g, h). A pair of vertical white arrowheads indicates the border between the nurse cells and the oocyte. (e, f). In response to 4 h of hypoxia, BCM is delayed compared with normoxic controls (c, d). In contrast, after 8 h of hypoxic exposure, border cell clusters mis-localize to within the oocyte compartment (g) or between the oocyte and follicle cells (h), rather than halting at the nurse cell/oocyte border. All egg chambers were oriented with the anterior to the left. (i) Bar graph quantifying the percentage of border cell clusters displaying normal, delayed, blocked or accelerated migration per genotype. At least 100 egg chambers were observed for each condition.
HIF-1a/sima controls border cell migration S Doronkin et al hph results in the stabilization of Sima (Centanin et al., 2005) . To examine whether impaired hydroxylation and subsequent accumulation of non-degradable Sima would contribute to BCM, flies carrying slbo-GAL44UAS-sima and mutations for hph were generated. Strong hph mutations are lethal (Frei and Edgar, 2004) , therefore, we used a weak allele, hph f03923 , and generated a heteroallelic combination of hph f03923 with a stronger allele, hph 02255 (Spradling et al., 1999) . Even a modest reduction of Hph function was able to 29 1C, the predominant phenotype of UAS-sima expression is partial rescue of BCM, although in some cases, migration is completely restored, as in (e). (g, h) At 25 1C, loss of hph activity can partially restore the halted migration of border cells expressing UAS-sima. Reducing hydroxylation of Sima in hph f03923 homozygotes (hmz) (g) or in hph f03923 /hph 02255 trans-heterozygous mutants (h) partially rescues migration, although not to the extent observed in controls. (i) UAS-hph over-expression in border cells only results in accelerated migration. (j-l) UAS-Vhl over-expression results in a complex phenotype; either normal, completely blocked (j), delayed (k) or accelerated migration (l) could be observed. (m-o). Similar phenotypes were observed when c522-GAL4 was used instead of slbo-GAL4 to drive expression of UAS-GFP in control (m) and UASVhl (n, o) flies. (n) To confirm expression of the FLAG-epitope in c522-GAL4>UAS-Vhl stocks, egg chambers were stained with anti-FLAG antibodies (green). (o-o 00 ) Phalloidin-staining demonstrated that, in egg chambers exhibiting an accelerated phenotype, the migrating cluster-induced invagination, but not disruption, of the actin cortical network between the oocyte and nurse cells.
HIF-1a/sima controls border cell migration S Doronkin et al partially rescue the block in migration caused by UASsima expression at 25 1C (Figures 2g and h ). Expression of UAS-sima in border cells of the hypomorphic viable and fertile hph f03923 homozygous flies partially restored migration of 18% of clusters (Figures 2g and 3) . Moreover, trans-heterozygous combination of both the hph f03923 and hph 02255 mutations even more efficiently restored migration in the UAS-sima-expressing clusters (Figures 2h and 3) . Removal of even a single copy of hph could partially rescue migration because 8% of these egg chambers showed a delay, rather than a block, in BCM (Figure 3) . However, modulation of Hph levels using mutant alleles was not sufficient to restore BCM to normal. In contrast, when UAS-hph was over-expressed using slbo-GAL4, which should result in minimal accumulation of Sima protein in border cells, the only phenotype was the acceleration of BCM, which occured in 17% of egg chambers (Figures 2i and 3 ).
Vhl/VHL over-expression causes pleiotropic defects We next investigated whether increasing Vhl expression, which would also be expected to decrease accumulation of Sima, would affect BCM. Stocks were created in which expression of full-length, FLAG epitope-tagged Vhl or human VHL was driven in border cells. A broad spectrum of phenotypes was observed ranging from normal to accelerated to blocked migration using either driver. Compared with wild-type chambers dissected at stage 10, in which migration was complete (Figure 2a ), up to 40% of egg chambers showed a delay in migration (Figure 2k ). However, up to 10% of chambers exhibited accelerated migration, moving beyond the border between the nurse cells and the oocyte (Figures 2l and 3) . Although 50-60% of UAS-Vhl egg chambers displayed normal BCM, a small fraction (7%) showed complete migration failure (Figures 2j and 3 It is noteworthy that ectopic expression of human VHL in the Drosophila ovary using either the slbo-GAL4 or c522-GAL4 driver also produced a similar range of phenotypes. VHL over-expression caused delays in migration of 39/29% of chambers, blocked migration in 7/6% of chambers, and accelerated migration in 5/8% of egg chambers, respectively (Figure 3) . Together, these data demonstrate that BCM is more sensitive to ectopic expression of Sima than Vhl and provide additional evidence that the VHL pathway is highly conserved in Drosophila.
Finally, expression of either Vhl or Hph increased BCM without damaging the cortical cytoskeleton. As shown in Figure 2o -o 00 , in a slbo-GAL44UAS-Vhl egg chamber exhibiting the accelerated phenotype, the abnormal, posterior location of accelerated clusters was consistently accompanied by a stretching, but not complete disruption, of the oocyte/nurse cell actin HIF-1a/sima controls border cell migration S Doronkin et al network. Although we could not directly assay for Sima expression levels in border cell clusters because no commercial antibodies are available, using a previously described Hif-1-dependent reporter cassette, LDH-lacZ (Lavista-Llanos et al., 2002), we demonstrated that expression of UAS-sima robustly activates LDH-lacZ (refer to Supplementary Figure S2) , therefore ectopically expressed Sima is functional.
Border cell migration speed is regulated by the hypoxic response To directly monitor the dynamics of migrating border cell clusters and to confirm results observed in fixed egg chambers, we performed time-lapsed imaging of BCM in living ovaries as described in (Bianco et al., 2007; . Border cells were visualized by GFP expression driven by the slbo-GAL4 driver ( Figure 4A ). Images from each experiment were matched by frame based on exposure time for control (slbo-GAL44UAS-GFP), delayed UAS-Vhl, accelerated UAS-Vhl and UAS-hph egg chambers. Representative movies are also included as Supplementary Data. These data confirmed that the accelerated phenotype is indeed due to increased migration speed and that the delayed migration phenotype are not due to aberrant changes in the direction in migration (that is, back toward the chamber anterior). The average BCM speed was determined by measuring the distance traveled over time by the cluster from the anterior position of the egg chamber ( Figure 4B ). BCM migration speed was reduced by 4six-fold in delayed UAS-Vhl clusters, and increased by 435% in accelerated UAS-Vhl or UAS-hph clusters.
DE-cadherin levels are modulated by Vhl and sima One of the key downstream effector molecules in collective BCM is Drosophila E-cadherin (DE-cadherin; encoded by shotgun) (Carthew, 2005) . The VHL/HIF axis has also been shown to regulate E-cadherin levels in human renal cancer cells (Esteban et al., 2006; Krishnamachary et al., 2006) . DE-cadherin expression levels were compared by immunostaining fixed egg chambers dissected from UAS-sima, UAS-Vhl or sima mosaic clone border cell clusters. In wild-type clusters, DE- HIF-1a/sima controls border cell migration S Doronkin et al cadherin accumulated to the highest levels at the interface between the border cells and the polar cells, located at the center of the cluster, as reported in (Niewiadomska et al., 1999; Bai et al., 2000) . Accumulation was less pronounced between the cluster and the nurse cells (Figure 5a ). In UAS-sima clusters, expression of DE-cadherin was enhanced compared with control clusters at the boundaries between individual border cells ( Figure 5b ). Similarly, in delayed UAS-Vhl clusters, DE-cadherin appeared to more strongly accumulate at the interface of the cluster and the surrounding nurse cells rather than between the border cells and polar cells (Figures 5c and d) . Finally, in all accelerated UAS-Vhl clusters, DE-cadherin expression was potently reduced (Figures 5e and e 0 ).
Hif-1-dependent migration defects in sima-and tgo-mutant mosaic border cells
The fully penetrant block in BCM resulting from ectopic expression of sima also raised the question whether sima has a role in normal oogenesis. Two strong loss-offunction mutations (Spradling et al., 1999; Bellen et al., 2004) were analysed for BCM defects. All homozygous sima j11B7 mutants were lethal, and B99% of flies homozygous for sima KG07607 were non-viable, but a few 'escapers' (B1%) were analysed. The escapers laid few eggs (o2 per female) and complete ovarian degeneration was observed within 2-4 days after females hatched (data not shown). Thus, either deletion or overexpression of sima is deleterious during oogenesis.
We next performed mosaic clone analysis to determine the effects of sima deletion specifically in the border cell cluster. Clonal analysis simultaneously facilitates characterization of phenotypes produced by lethal alleles while clearly revealing cell-autonomous gene function (Vidal and Cagan, 2006) . Mosaic flies were generated using either sima KG07607 or sima j11B7 stocks. Clusters containing homozygous clones (GFP-negative) of either mutant sima allele had common defects during migration. First, the mutant cells were always detected in the leading cell in the cluster (Figures 6b-d and e-f), implicating that loss of Sima function is associated with defects in the path finding/leading role.
UAS-sima
GFP DAPI DE-cad
UAS-Vhl
GFP DAPI DE-cad
UAS-Vhl
GFP DAPI DE-cad
UAS-Vhl
GFP DAPI DE-cad
slbo-GAL4 UAS-GFP
wt GFP DAPI DE-cad
UAS-Vhl
DE-cad
Figure 5 sima or Vhl over-expression alters expression of Drosophila E-cadherin (DE-cadherin) in the border cell cluster. (a-e) All egg chambers were dissected from stocks raised at 25 1C that expressed slbo-GAL44UAS-GFP, the wild-type control (a), as well as the following constructs: a single copy of UAS-sima (b) or UAS-Vhl (c-e 0 ). White arrows and arrowheads indicate the position of the border cells cluster and the nurse cell/oocyte border, respectively. All egg chambers were immunostained with anti-DE-cadherin antibodies (red) and counterstained with DAPI. The white dashed box indicates the area of the egg chamber containing the border cell cluster; the image data from the red channel only are presented in each magnified insert. DE-cadherin accumulated to modest levels in control egg chambers at the junctions between the border cells (a). In contrast, in border cells expressing UAS-sima, DE-cadherin expression at the border cell junctions appeared to be increased relative to controls (b). In border cells expressing UAS-Vhl, the levels of DE-cadherin expressed by the border cell cluster were increased relative to controls for both non-migratory and delayed border cell clusters (c, d). In contrast, DE-cadherin expression was undetectable in accelerated clusters (e), which is more clearly shown when analysing the data generated from the red channel only (e 0 ). , d) . In all panels, the anterior of the egg chambers is oriented to the left. All clones in which both copies of sima or tgo were deleted are identifiable by the lack of nuclear GFP signal. For images presented in (a, c and d), the DAPI staining was false-colored red to facilitate the co-localization of DAPI signal with GFP signal. The area of the egg chamber containing the mosaic border cell cluster is indicated by the white dashed boxes; these areas are also enlarged in the magnified inserts (b 
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In wild-type clusters, there is alternative, competing leadership among the cells of a cluster . Furthermore, in cases in which there was more than one sima mutant cell within the same border cell cluster, only one mutant cell was detected to lead the cluster, whereas the other mutant cell was migrating with the rear of the cluster (Supplementary Figure S3) . During stage 9 of migration, 80-90% of border cell clusters with sima-or tgo-mutant cells migrated faster than the corresponding anterior follicle cells, reaching the nurse cell/oocyte border prematurely (Figures 6b  versus a and e, Supplementary Figure 3B) . Moreover, sima-mutant leading cells appeared to be pulling the clusters forward more efficiently than wild-type leading cells, because there was an extension of the actin network between the leading sima-mutant cell and the following cells (Figure 6b ).
In contrast, the predominant phenotype observed during stage 10 of migration because of mosaic deletion of sima or tgo was a delay in migration (Figures 6c-e) . Moreover, sima border cell clusters also showed accelerated migration during stage 10 of migration, although the frequency of the accelerated phenotype was reduced to o10% (Figure 6e ). These data confirm that the migratory defects observed in sima-mutant clones were due to the impaired function of the Hif-1 transcription factor.
The expression of DE-cadherin was then examined in the mosaic sima-mutant border cell by immunostaining with anti-DE-cadherin. Loss of sima in the leading cell (Figure 6f , white arrow) led to loss of expression of DE-cadherin exclusively by the mutant cell (Figure 6f 4 ). sima-mutant egg chambers were also subjected to immunostaining with antibodies to the slow border cells protein, Slbo. Slbo is a transcription factor required for directional migration of the border cell cluster (Montell et al., 1992) , and is a homolog of the mammalian CCAAT/enhancer binding protein (C/EBP) family. As C/EBP expression has been shown to be transcriptionally regulated by HIF-1a in U937 leukemia cells (Jiang et al., 2005) and shotgun expression is decreased in slbo mutants (Niewiadomska et al., 1999) , we tested whether Slbo expression is regulated by Hif-1 in the Drosophila border cell cluster. These studies revealed that Slbo expression is specifically downregulated in sima-mutant border cells compared to wild-type adjacent cells (Figures 6g and g 4 ).
Discussion
We have shown that the hypoxic response pathway controls the rate of invasion and the migratory capacity of border cells in Drosophila in a Sima dose-dependent manner. Not only were precise levels of Sima required for proper BCM, but Sima was also found to be critically important to define the leading cell in the border cell cluster. Hif-1-dependent regulation of BCM was also shown to be associated with changes in expression of the key cell-adhesion protein DE-cadherin.
Finally, our data revealed for the first time that Hif-1 regulates expression of the transcription factor Slbo in Drosophila. This finding is noteworthy because slbo was the first gene shown to be essential for BCM (Montell et al., 1992) and our data suggest that Slbo acts downstream of Sima in a cell-autonomous manner.
Owing to constitutive turnover under normoxic conditions, leading to a short half-life in the cell, Sima makes an ideal sensitive transcriptional switch to regulate cell invasiveness. A model summarizing how the rise and fall of Sima levels may be a key driving force of collective cell migration through regulation of Slbo and DE-Cadherin expression is presented in Figure 7 . Our data revealed that changes in Sima concentration lead to different outcomes in terms of BCM. Although relatively low levels of Sima may stimulate initiation of migration, moderately elevated levels of Sima serve to block migration and further induction can partially restore migration. Our model is consistent with observations in solid tumors that there is dynamic cycling of tissue hypoxia and re-oxygenation that promotes invasiveness, as has been shown for the HIF-1 target lysyl oxidase, which is induced at hypoxia, but is enyzmatically active at normoxia (Postovit et al., 2008) .
Moreover, as has been shown for slbo and shotgun, both loss-of-function and ectopic over-expression of a gene can block or delay BCM (Oda et al., 1997; Niewiadomska et al., 1999; Rorth et al., 2000; Geisbrecht and Montell, 2002; Pacquelet et al., 2003; Pacquelet and Rorth, 2005; Schober et al., 2005) . Furthermore, the observation that modulation of the hypoxic response pathway in Drosophila produces opposing phenotypes has precedent. For example, Mortimer and Moberg have elegantly shown during embryonic tracheal development that high Sima activity induced during early development blocks tracheal branching, whereas Sima promotes branching when induced during later stages of development (Mortimer and Moberg, 2009) .
Although there are numerous reports regarding delayed BCM (reviewed in (Starz-Gaiano and Montell, 2004) ), in this study, we describe for the first time the phenotype of accelerated BCM in flies as a result of either prolonged hypoxia or expression of UAS-Vhl/ VHL or UAS-hph, genes that serve to increase Sima protein turnover. The increased speed of BCM was confirmed in transgenic stocks by calculating the rate of migration during live-cell imaging (refer to Figure 3 and Supplementary Movies). Accelerated migration was also observed during stage 9 development using sima and tgo mosaic clone analysis. It is noteworthy that although ectopic expression of hph only accelerates migration, ectopic expression of Vhl produces a range of phenotypes, including delayed/blocked migration. We speculate that this may be due to the fact that the activity of hph is more restricted to regulation of Sima destruction (Centanin et al., 2005) , whereas VHL can interface with a much broader repertoire of proteins, evidenced by an expanding list of VHL-interacting proteins (Frew and Krek, 2007) . Therefore, we hypothesize that the HIF-1a/sima controls border cell migration S Doronkin et al accelerated portion of the ectopic Vhl expression phenotype is Sima dependent.
Furthermore, our results suggest that the mechanism of increased border cell invasiveness involves reducing of activity of Hif-1 specifically within the leading cell of the cluster. The disparate migratory phenotypes observed using mosaic clones (that is, acceleration at stage 9, but delay at stage 10) may be due to how somatic mosaics are generated. Each homozygous mutant cell may retain part of the normal (or pre-recombination) levels of Sima/sima or Tango/tango proteins/messenger RNAs. Perdurance of these factors could then result in a gradual decrease of each gene's activity. It is possible that the initially fast-migrating mosaic border cell clusters maintain a level of Sima that promotes migration, whereas migration would be halted during later stages of BCM once Sima levels drop below a critical threshold necessary to maintain migration.
In addition, a number of studies have reported other genes in which mutant clones were observed to lag behind the cluster, causing a delay in migration (Rorth et al., 2000; Bianco et al., 2007; Starz-Gaiano et al., 2008) . In this study, we provide the first example of acceleration of clusters caused by sima or tgo mutations in a single leading cell. These results suggest that downregulation of Hif-1 transcriptional activity in a single cell provides an impetus for leading cell selection and for maintaining the leading cell position, which then defines the migratory activity of the entire border cell cluster.
Our experiments manipulating Vhl or Sima expression levels in border cells also revealed that DE-cadherin is under Vhl/Sima control in border cells, as has been reported in human cancer cells (Russell and Ohh, 2007) . It is possible that increased accumulation of DEcadherin in the border cell clusters in response to Sima over-accumulation may have strengthened cell-cell adhesions leading to stalled migration. Similarly, reduction of the DE-cadherin levels in sima-mutant cells could have produced weaker contacts between the neighboring nurse cells and the migrating border cells, which would explain the accelerated cell migration observed in UASVhl expressing cells.
Furthermore, our observations that Slbo acts downstream of Sima is relevant to patients because the C/EBPa and HIF-1a pathways have been shown to intersect in human cancer cells (Janardhan, 2008) . In fact, in leukemic U937 cells, endogenous C/EBPa and HIF-1a physically interact and C/EBPa may displace HIF-1b such that the C/EBPa/HIF-1a heterodimer represses the hypoxic response (Yang et al., 2008) . In T47-D breast cancer cells, an HRE has been defined within the C/EBPa promoter, and under hypoxic conditions, HIF-1a can repress C/EBPa transcription (Seifeddine et al., 2008) . Therefore, the interactions between the C/EBP/HIF pathways are likely cell type and context dependent. Furthermore, as shown in Figure 7b , we suggest that the Sima-dependent regulation of DE-cadherin in border cells is controlled through Sima's regulation of Slbo because a functional Slbo-responsive enhancer element has been identified downstream of the shotgun gene .
Our study shows that the evolutionarily conserved VHL/PHD enzyme/HIF axis is tightly controlled in a temporal and spatial manner to regulate the collective cell migration of border cells in the Drosophila ovary, in part through cell-autonomous regulation of Slbo and DE-cadherin. When oxygen is in flux during tumor growth, cyclical destruction and re-expression of HIF-1a may serve to transform non-migratory cancer cells into migratory ones. A more complete understanding of this cyclical activation of the hypoxic response may influence when and how anti-HIF therapeutics are administered to cancer patients. In addition, our results suggest that changes in Hif-1 expression in a single cell of a group of migratory cells may be sufficient to promote metastasis. The continued investigation of the hypoxic response using the Drosophila Figure 7 Control of border cell migration (BCM) by the hypoxic response through regulation of Sima, slow border cells (Slbo) and Drosophila E-cadherin (DE-cadherin). (a) A summary of the results generated in our study is provided. We suggest a model for the Sima-dependent regulation of BCM, in which border cell invasiveness is controlled by the relative concentration of Sima present in border cells. Although relatively low Sima levels are expected to promote migration, elevated Sima levels (for example, in response to UAS-sima expression) are expected to inhibit cell migration, whereas high levels of Sima are expected to restore migration. Sima is expected to accumulate to high levels in the border cell cluster in response to acute hypoxic exposure, but to decrease during prolonged hypoxic exposure, since in mammalian cells, prolyl hydroxylase domain enzymes (PHDs) are direct transcriptional targets of hypoxia-inducible factor (HIF)-1a and serve to attenuate the hypoxic response (Ginouves et al., 2008) . (b) On the basis of the data from mosaic sima-mutant clone analysis, Sima positively regulates expression of both Slbo and DE-cadherin in border cells. These results support previous studies in which Slbo's human ortholog, CCAAT/ enhancer binding protein (C/EBP)a, was shown to be positively regulated by HIF-1a in U937 cells (Jiang et al., 2005) . Slbo could then regulate transcription of shotgun (shg) (DE-cadherin) through a downstream enhancer element . DE-cadherin expression is essential for proper BCM (Niewiadomska et al., 1999) .
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